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Abstract: A fundamental challenge in calcium imaging is to minimize the excitation laser
power while still maintaining a sufficient signal-to-noise ratio to distinguish individual
transients in the fluorescence traces. It is important to characterize relative fluorescence (i.e.,
AF/F) dependence on the excitation wavelength in vivo where the environment cannot be
controlled effectively during imaging. Leveraging time division multiplexing of two
excitation beams to achieve nearly simultaneous 2-photon and 3-photon imaging of the
calcium transients, we measured systematically the AF/F dependence on the excitation
wavelength in 2-photon and 3-photon in vivo imaging of neuronal activity in mouse brain
labeled with GCaMP6s. The technique can be applied to in vivo measurements of other
fluorescence sensors.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Fluorescence microscopy together with a variety of fluorescent indicators are routinely used
to visualize activity of a single cell as well as to record neuronal circuits in vivo [1,2]. Since
its inception, two-photon fluorescence microscopy (2PM) [3,4] has become the key method
for structural and functional imaging of populations of neurons in vivo [5—10]. Three-photon
fluorescence microscopy (3PM) [11-14] has been demonstrated recently to extend the depth
limit of 2PM and to allow neuronal activity imaging with high spatial and temporal resolution
deep into scattering brain tissue in vivo. Ultrasensitive genetically-encoded calcium sensors
have been developed and demonstrated [15,16].

Neuronal activities lead to fast transients in the concentration of intracellular free calcium.
GCaMP6 protein indicators respond to Ca2 + changes with large change in fluorescence
intensity, and are used routinely to image the activity of cells [17]. The action potentials are
visualized as transients in the fluorescence emission, and the goal of any optical technique is
to image these transients with minimal excitation power. Therefore, it is important to find the
imaging conditions that maximize the Ca-dependent contrast of fluorescence intensity.

The large dynamic range of fluorescence emission of GCaMP6 upon binding with calcium
is mainly due to redistribution of the chromophore from neutral to anionic form, which is the
origin of almost all fluorescence emission [18]. Because the neutral and anionic form of
GCaMP6 have different absorption and fluorescence excitation spectra, the relative
fluorescence change (i.e., AF/F) of GCaMP6 upon binding to calcium ion depends strongly
on the excitation wavelength. The acidity level (pH factor) of the environment also affects
significantly the anionic chromophore concentration and thus the amount of fluorescence.

Most of the calcium imaging of neural activity has been performed using two-photon
excitation, however, systematic study in vivo on the optimal excitation wavelength has not
been reported. GCaMP6 single photon excitation spectrum has been measured and reported
but one-photon (1p) absorption properties do not determine the two-photon (2p) and three-
photon (3p) absorption properties.
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For many well-known fluorophores, one-photon absorption (1PA) spectrum cannot
predict the two-photon absorption (2PA) spectrum because the selection rule for 2PA is
different from that for 1PA [4]. On the other hand, the selection rule for three-photon
absorption (3PA) and 1PA is the same, and it has been shown that 3PA spectrum follows
closely the corresponding 1PA for some fluorophores [19]. Recent measurements of several
fluorophores at the long wavelength spectral range of ~1700 nm, however, showed marked
difference between the 3PA and 1PA spectra [20], indicating that the 1PA spectrum cannot
predict the 3PA spectrum for some fluorophores. More systematic studies are needed to
further elucidate this phenomenon.

1p and 2p excitation spectra for purified GCaMP6 proteins have been measured for Ca-
free and Ca-saturated states ex vivo [18]. Although, these results are illuminating, they were
achieved in a very well controlled environment: Ca-free or Ca-saturated. In addition, the pH
was set to optimize fluorescence but the optimal value is not necessarily close to
physiological pH of the brain. All these parameters are difficult to control in in vivo imaging.
It is important that systematic measurements are performed in vivo to determine the optimal
excitation wavelength for 2PM and 3PM that provides maximum Ca-dependent contrast of
fluorescence intensity, and thus enable imaging with the highest transient detection fidelity
with the lowest excitation power.

2. Experimental setup

Investigating the dependence of the AF/F on the excitation wavelength in vivo is challenging
because it is impossible to maintain exactly the same neural activity in a live animal when
imaging repeatedly at various wavelengths of interest, even for the same neuron and under the
same stimulation. To overcome this hurdle, we developed a time division multiplexing
(TDM) technique for nearly simultaneous imaging of the same transients train with 2p and 3p
excitation [12]. A 2p excitation beam and a 3p excitation beam are first spatially overlapped
to have the same focal position after the objective. The 2p excitation pulse train is only
switched on between two adjacent pulses of the 3p excitation for about one microsecond.
Therefore, the sample is alternately excited by 2p absorption and 3p absorption within the
microsecond time scale (i.e., nearly simultaneous). Recording of the 3p pulse train allows to
separate 2- and 3-photon excited fluorescence in post processing analysis of the recorded
images.

A noncollinear optical parametric amplifier (NOPA, Spectra Physics) pumped by a
regenerative amplifier (Spirit, Spectra Physics) was used as the excitation source for 3PM. A
two-prism (SF11 glass) compressor is used to compensate for the normal dispersion of the
optics of the light source and the microscope, including the objective. For this study, the
NOPA was operated in the wavelength range from 1250 nm to 1400 nm. The average power
of the NOPA at any wavelength of operation was ~500 mW (1250 nJ per pulse at 400 kHz
repetition rate) and the spectral bandwidth was 70-80 nm. A set of bandpass filters (Edmund
optics, #87-828, #87-829, #87-830, #87-831) was used to narrow the spectral width of the
excitation light to 25 nm. The original pulse duration (measured by second-order
interferometric autocorrelation) under the objective is ~55 fs after adjusting the prism
compressor. After filtering the spectrum, a typical pulse duration under objective was
measured to be ~120 fs. While the shorter, 55-fs pulse is preferred for 3PM, the narrower
spectral bandwidth after filtering allows us to measure the wavelength dependence of AF/F
more precisely.

The excitation source for 2PM is a mode-locked Ti:Sapphire laser (Tsunami, Spectra
Physics). In this study, the wavelength was tuned from 880 nm to 950 nm. The output of the
Ti:sapphire laser is modulated with an electro-optical modulator (Conoptics, model 350-160),
which is capable of sub-ps intensity modulation. The 2p and 3p beams are combined by a
dichroic mirror (DM), spatially overlapped, and directed to the microscope (Fig. 1).
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Fig. 1. (a) Schematic illustration of the imaging setup. (b) Time division multiplexing for near-
simultaneous 2PM and 3PM of the same brain activity.

The axial width of the point spread functions for both beams and their spatial overlap was
measured by imaging fluorescent beads for all 3p excitation wavelengths (1250 nm — 1375
nm) and for 2p excitation wavelength of 920. During the in vivo imaging experiments, only
the wavelength of the NOPA was tuned, and no other adjustments were made on the optical
beam path. The excitation focal volumes for both beams have similar axial width (within
~10%), and nearly perfect overlap in the axial direction for all wavelengths. Typical result is

shown in Fig. 2(d).
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Fig. 2. Characterization of the excitation sources. (a) NOPA output spectrum at various
wavelengths filtered with a bandpass filter with 25-nm bandwidth. (b) Typical autocorrelation
trace of the NOPA output pulse after spectral filtering. (c) Two-photon excitation spectrum at
various wavelengths. (d) 2p (blue) and 3p (red) axial scan of a fluorescent bead showing the
similar axial resolution and the overlap of the focal volumes of the two excitation beams. The
triangles are the measured data and the solid lines are the Gaussian fittings to the

measurements.
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The imaging setup is described in detail in [12]. In brief, we used a custom-built
multiphoton laser scanning microscope with a high numerical aperture objective (Olympus
XLPLN25XWMP2, 25X, NA 1.05). The fluorescence and harmonic generation signals are
epi-collected through the objective and directed onto the photomultiplier tubes (PMTs) by a
dichroic beamspliter (FF705-Di01-25x36, Semrock). Our system has two detection channels
for the fluorescence signal from the calcium sensor and for the third harmonic generation
(THG) signal generated at various interfaces. The animal is placed on a motorized stage, and
the whole imaging setup is controlled by Scanlmage 3.8.

We recorded spontaneous activity traces in an awake mouse with 2PM and 3PM
simultaneously from the same neuron. While keeping constant one of the excitation
wavelengths (e.g., 2PM at 920 nm), we varied the wavelength of the other beam (e.g., 3PM
from 1250 nm to 1400 nm). We imaged the neuron continuously using 60pumx30um field of
view at 13.6 Hz frame rate in a series of movies of ~75 second each. The power after the
objective lens was 2-3 mW for 3PM and 5-6 mW for 2PM. Tuning one of the excitation
wavelength resulted in a small lateral displacement of the image (~1 micron), which is not an
issue because the multiplexed images are separated in the time domain and analyzed
independently in the post-processing stage.

3. Results

To determine the AF/Fodependence on the excitation wavelength in 3PM and 2PM, we used
the TDM technique described above to image spontaneous brain activity in cortical layer 2/3
neurons in awake transgenic mice (CamKII-tTA/GCaMP6s, male, 20 and 31 weeks old).
Cranial window was implanted to image a site located approximately 2 mm posterior and 2.5
mm lateral to the Bregma point. The same neurons were imaged with 2PM at excitation
wavelength 920 nm and with 3PM at excitation wavelength varied between 1250 and 1375
nm. In Fig. 3(a), we show high resolution 3p image of the area where the activity traces were
recorded. Figure 3(b) shows the same neuron imaged by 2PM and 3PM using the TDM
technique. In Fig. 3(c), we plot examples of activity traces recorded using 2PM at 920-nm
excitation wavelength and 3PM at various excitation wavelengths. It is clearly seen that the
3p excited AF/F is the smallest at the excitation wavelength of 1250 nm and becomes larger
with longer excitation wavelengths. We quantify this dependence by calculating the ratio of
the 3p excited trace and the 2p excited trace recorded at the same time from the same neuron
(Fig. 3(a)). The results are shown in Fig. 3(c).
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Fig. 3. Three-photon-excited relative fluorescence versus the excitation wavelength. (a) High
resolution 3p image of the region where the traces were recorded. Scale bar, 10 pm. (b) Near-
simultaneous 2p (top) and 3p (bottom) imaging of GCaMP6s-labeled neurons in transgenic
mouse (CamKII-tTA/tetO-GCaMP6s) cortex at depth of ~250 um. (c) Activity trace of the
neuron in (a) recorded. Two-photon activity traces (red) are recorded at excitation wavelength
of 920 nm. Three-photon activity traces (blue) are recorded at various excitation wavelengths
as indicated. All traces are recoded with the same neuron. Tuning the 3p excitation wavelength
slightly changes the transverse position of the 3P image (~one micron). (d) Ratio of three-
photon excited relative fluorescence at various excitation wavelengths and two-photon excited
relative fluorescence at 920-nm excitation wavelength. Each ratio and its variation are
calculated from the recorded 2p and 3p traces over 430 — 510 seconds.

We further investigate systematically the dependence of two-photon excited AF/F on the
excitation wavelength. The three-photon excitation wavelength was now kept constant at
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1310 nm while the two-photon excitation wavelength was tuned from 880 nm to 950 nm (Fig.
4(a)). Examples of activity traces recorded with 3PM and 2PM are shown in Fig. 4(b). The
ratios of 2p-excited AF/F at various excitation wavelengths to 3p-excited AF/F at 1310 nm are
shown in Fig. 4(c).

(a) (b)

2P at 920 nm

Depth: ~ 250 um
3P at 1310 nm

—
(2]
—

1_4_1 T T T T T T T T T ]
Ty I 1; ]
=t { 1
I I ]
a 1.0 { } ]
9 B p
& | { :
S 06} !
5 [ e :

860 880 900 920 940 960

Wavelength [nm]

Time [s]

Fig. 4. Two-photon-excited relative fluorescence versus the excitation wavelength. (a) Near-
simultaneous 2P (top panel) and 3P (bottom panel) imaging of GCaMP6s-labeled neurons in
transgenic mouse (CamKII-tTA/tetO-GCaMP6s) cortex at depth of ~250 um. (b) Activity trace
of the neuron in (a) recorded. Three-photon activity traces (blue) are recorded at excitation
wavelength of 1310 nm. Two-photon activity traces (red) are recorded at various excitation
wavelengths as indicated. All traces are recoded with the same neuron. Tuning the 2p
excitation wavelength slightly changes the transverse position of the 2p image (~one micron).
(c) Ratio of two-photon excited relative fluorescence at various excitation wavelengths and
three-photon excited relative fluorescence at 1310-nm excitation wavelength. Each ratio and its
variation are calculated from the recorded 2P and 3P traces over 210 — 350 seconds.

From our data when there is no transients registered, we can determine the relative
background fluorescence of the same neuron as a function of the excitation wavelength after
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correcting for the different excitation power and pulse width. In Fig. 5 we show 3p
background fluorescence for different excitation wavelength, Fo(A), relative to the background
fluorescence at 1275 nm, Fo(1275nm). Figure 5 provides a measure of the 3P relative action
cross section of GCaMP6s in vivo.
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Fig. 5. Background Fluorescence, Fy(4), measured in vivo at different excitation wavelengths
relative to the background fluorescence at 1275-nm excitation, Fy(1275nm).

4. Discussion

We developed a technique that allows for in vivo quantitative measurements of AF/F at
various wavelengths for 2p and 3p excitation. The objective of this study is to find the
optimum excitation condition that allows activity imaging with high fidelity and low
excitation power. The AF/F needs to be considered in the context of tissue properties (mostly
absorption since scattering is relatively constant within the tuning range), imaging depth, and
the action cross section, which will all affect the power level needed or allowed to distinguish
the transients in the fluorescence traces.

The goal is to use as little excitation power as possible and still have good recording
fidelity that allows to distinguish small individual fluorescence transients. To quantify further,
we use the pulse discriminatory index [21] that is defined as:

, AF AF
d'=——[Fr="—[CP} o1, M
£y B

where F is the time independent background fluorescence, C is a proportionality constant,
Procus 1 the power at the focus, o, is the 3P action cross section of GCaMP6s, and 1 is the

decay time constant of the sensor.

In Fig. 6, we show the power on the brain surface necessary to achieve the same pulse
discrimination index for different excitation wavelengths relative to the power used at 1325-
nm excitation for various imaging depths.
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Fig. 6. Excitation power at the surface of the brain required to achieve the same pulse
discrimination index at various imaging depths, all normalized to the excitation power at 1325
nm. Relative water absorption normalized to the absorption coefficient at 1325 nm.

Although the highest AF/F is at 1375 nm (Fig. 3) and the smaller tissue attenuation at the
longer wavelength results in less power required at the surface, tissue absorption (mainly due
to water absorption within the wavelength window of 1300 nm) is significantly higher at 1375
nm than at 1300 nm (Fig. 6). Sample heating should be considered in practical imaging
experiments. We compare the pulse discrimination index for different excitation wavelengths
relative to that at 1300 nm at imaging depth of 1000 um using the assumption that the
maximum permissible power is proportional to tissue absorption length (i.e., proportional to
the water absorption length). The results are plotted in Fig. 7, indicating that the wavelength
of 1300 nm is optimum. We caution that Fig. 7 somewhat overestimates the relative pulse
discrimination index at the shorter wavelength and underestimates at the longer wavelength
since the maximum permissible power depends sub-linearly with the absorption length if heat
dissipation and heat loss (e.g., through the cranial window) are considered. If shorter pulses
with larger bandwidth are used for excitation, averaging over the entire spectral bandwidth of
the excitation will need to be performed to calculate the AF/F using the measurement data in
Fig. 3.
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Fig. 7. Pulse discrimination index at imaging depth of 1000 pm when using maximum
allowable power at the surface of the brain for different wavelengths, normalized to the pulse
discrimination index at 1300 nm.

For 2p excitation within the 880-950 nm region, the tissue absorption and scattering are
relatively constant [22]. Therefore, the optimal excitation wavelength is mostly determined by
the AF/F. Our results confirm that 920-930 nm is the optimum excitation wavelength for 2P
in vivo imaging of GCaMP6.

5. Conclusion

A TDM 2p and 3p technique has been used to investigate AF/F dependence on the excitation
wavelength for in vivo imaging of GCaMP6s. By using one of the two beams as a reference
and varying the wavelength of the second beam, we are able to determine precisely the
wavelength dependence of AF/F in a live mouse brain. Considering the tissue absorption and
GCaMP6s action cross section, we found that the optimal wavelength for 3PM of brain
activity is around 1300 nm. For 2PM, the optimal wavelength is around 920-930 nm.
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